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INTRODUCTION 

This work was undertaken as  par t  of a la rger  study t o  evaluate  the combustion 
charac te r i s t ics  of chars derived from I l l i n o i s  coals  u n d e r  mild gas i f ica t ion  ( M G )  
conditions. The pr inc ip le  product (60 t o  70 percent by weight) of MG processes i s  a 
char t h a t  must be e f fec t ive ly  u t i l i zed  t o  improve the overall economics of the process. 
During the past several years, one of the  major research a c t i v i t i e s  a t  the I l l i n o i s  
S ta te  Geological Survey has been to  examine the s u i t a b i l i t y  o f  using MG char a s  a fue l ,  
alone o r  a s  coal-char blend, in  typical indus t r ia l  pulverized-coal (PC) boi le rs .  The 
physical and chemical charac te r i s t ics  and r e a c t i v i t y  of laboratory- and p i l o t  plant- 
prepared MG chars have been reported (1-4) .  

I n  t h i s  paper preliminary r e s u l t s  of a study t o  evaluate  t h e  ash deposition behavior 
of an MG char under conditions representat ive of PC bo i le rs  a r e  presented. The r e s u l t s  
a r e  compared t o  those obtained with the  raw coal and a physical ly  cleaned coa l .  Ash 
deposition t e s t s  were performed in  a laminar flow (drop tube) furnace. 

EXPERIMENTAL 

ash deposi t ion,  mild gas i f ica t ion  char, drop tube furnace 

Sample Preparation - The clean coal and the char were made from an or iginal  sample of 
the Herrin coal seam ( I L  No. 6) t h a t  was provided by the I l l i n o i s  Basin Coal Sample 
Program, ident i f ied  as  IBC-101 ( 5 ) .  The parent sample represented the  product from the  
mines preparation plant .  

The clean coal was prepared from a 200x400 mesh s i z e  f rac t ion  of t h e  or iginal  coal i n  
a Denver model 0-2 b a t c h  f lo ta t ion  system. Approximately 150 grams of coal was 
combined with four  l i t e r s  of water i n  the  f l o t a t i o n  c e l l .  A f l o t a t i o n  agent (2-ethyl 
hexanol) was added a t  an equivalence of 6 lbs / ton .  Additional ash was removed by 
repeating the procedure using the clean coal as  the  s t a r t i n g  mater ia l .  The clean coal 
was vacuum f i l t e r e d ,  dried i n  a vacuum oven a t  80'C, and s tored under nitrogen t o  
prevent oxidat ion.  The analysis  of the  product sample i s  given i n  t a b l e  1. The  amount 
of ash in  the clean coal i s  6.4% which corresponds t o  a 34% decrease compared to  the 
parent (200x400 mesh) coal .  However, the clean coal r e t a i n s  almost 87% of the su l fur  
present in the or iginal  coal. This i s  because 72% of the  s u l f u r  in  the parent coal i s  
i n  the  form of organic s u l f u r  which i s  not removed by f l o t a t i o n  methods. 

A 5.1 cm ID batch fluidized-bed reactor  system was used f o r  the  production of the char. 
The sample used f o r  char production was a 28x100 mesh s i z e  f rac t ion  of the  coal .  In 
each run, about 200 grams of the coal was f luidized by nitrogen flowing a t  6 l/min and 
heated according t o  a multi-step heating procedure t o  minimize agglomeration of coal 
p a r t i c l e s  in  the  reactor .  The f ina l  temperature and f ina l  soak time were adjusted t o  
produce three chars with v o l a t i l e  matter contents of about 7 ,  12,  and 15%. The 7% 
v o l a t i l e  char was selected f o r  ash deposition s tudies  because i t  had higher ash content 
(14.1%, see tab le  1) t h a n  the other  chars .  The f ina l  temperatures and soak times f o r  
the char  were 600 'C and 60 mins. After the f ina l  soak, the  samples were cooled under 

The analysis  of the coal i s  given in  t a b l e  1. 
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n i t r o g e n  purge and s t o r e d  under n i t r o g e n .  

Ash C h a r a c t e r i s t i c s  - The ash compos i t i ons  (major  and m i n o r  oxides) were determined by 
r o u t i n e  methods, and the  ash f u s a b i l i t y  temperatures o f  t h e  coa l ,  c l e a n  coa l ,  and c h a r  
were determined by t h e  ASTM D1857 method. These da ta  were used t o  c a l c u l a t e  S i l i c a  
r a t i o ,  b a s e l a c i d  r a t i o ,  T,, ( t empera tu re  a t  c r i t i c a l  v i s c o s i t y ) ,  T250 ( temperature a t  
which t h e  s l a g  has a v i s c o s i t y  o f  250 po ise ) ,  t h e  v i s c o s i t y  o f  s l a g  a t  2600 'F and the 
s lagg ing  index and f o u l i n g  index.  

Ash DeDos i t i on  S t u d i e s  - Ash d e p o s i t i o n  t e s t s  were conducted i n  a drop tube furnace 
(DTF) l o c a t e d  a t  t h e  U n i v e r s i t y  o f  Nor th  Dako ta ' s  Energy and Envi ronmenta l  Research 
Center (UNDEERC). A b r i e f  d e s c r i p t i o n  O f  t h e  ash 
d e p o s i t i o n  probe f o l l o w s .  

The water-cooled ash d e p o s i t i o n  probe, shown i n  f i g u r e  1, c o n s i s t s  o f  a 2.2 cm OD 
s t a i n l e s s  s t e e l  t ube  w i t h  a 3.8 cm OD d iamete r  cap. A machined, b o i l e r - s t e e l  s u b s t r a t e  
p l a t e  (3.8 cm d iamete r  by 0.64 cm t h i c k )  prepared f rom 1040 carbon s t e e l ,  s u p p l i e d  by 
t h e  Babcock and Wi l cox  Company, i s  a t tached  t o  t h e  top  o f  t h e  probe.  The s u b s t r a t e  
p l a t e  temperature can be m a i n t a i n e d  between 350 t o  540 'C t o  s i m u l a t e  a b o i l e r  heat 
t r a n s f e r  sur face,  by  a d j u s t i n g  c o o l i n g  wa te r  and t h e  t i g h t n e s s  o f  t he  screws t h a t  ho ld  
t h e  s u b s t r a t e  t o  t h e  probe. The temperature i s  mon i to red  by a Type K thermocouple i n  
c o n t a c t  w i t h  t h e  p l a t e .  The s u b s t r a t e  p l a t e s  were p o l i s h e d  w i t h  Sic p o l i s h i n g  d i s c s  
s t a r t i n g  a t  120 g r i t  and proceeding t o  600 g r i t .  The s u b s t r a t e s  were o x i d i z e d  a t  400 'C 
f o r  20 hours i n  a i r  t o  produce an o x i d e  l a y e r  on t h e  s t e e l .  

I n  each t e s t ,  t h e  drop tube  fu rnace  was s t a b i l i z e d  a t  1500'C and t h e  nominal gas f low 
r a t e s  o f  1 l / m i n  p r imary  gas f l o w  and 3 l / m i n  secondary gas f l o w .  The sample feeder 
was loaded w i t h  the  d e s i r e d  sample, and t h e  feed r a t e  a d j u s t e d  t o  g i v e  approx ima te l y  
0.2 g/min. A f t e r  t h e  t e s t  run,  t h e  p robe  was a l l owed  t o  coo l  and t h e  s u b s t r a t e  w i t h  
t h e  ash d e p o s i t  removed and s t o r e d  pending s t r e n g t h  t e s t s  on t h e  ash d e p o s i t .  The 
s t r e n g t h  o f  t h e  d e p o s i t s  formed i n  t h e  DTF were measured u s i n g  a s t r e n g t h  t e s t i n g  
apparatus. The s t r e n g t h  t e s t i n g  apparatus i s  desc r ibed  e lsewhere ( 6 ) .  

RESULTS 

Ash C h a r a c t e r i s t i c s  - Analyses o f  t h e  ash f rom these samples showed o n l y  smal l  
d i f f e rences  between t h e  coa ls  and cha r  ( t a b l e  2) .  The c l e a n i n g  process removed s o l u b l e  
s u l f a t e  m ine ra l s ,  and about h a l f  t h e  c a l c i t e .  The c l a y  m i n e r a l s  and q u a r t z  were 
r e t a i n e d  i n  t h e  c lean  c o a l .  The temperature f o r  which t h e  ash achieves t h e  d e s i r e d  
v i s c o s i t y  of 250 p o i s e  (T,,,, t a b l e  3) ranged f rom 2030 ' F  ( c l e a n  c o a l )  t o  2115 ' F  ( c h a r ) .  
Experience i n d i c a t e s  va lues  below 2600 ' F  a r e  d e s i r a b l e  ( 7 ) .  

S lagg ing  i n d i c e s  f o r  t h e  t h r e e  samples f e l l  i n  t h e  medium range, acco rd ing  t o  A t t i g  and 
Duzy ( 8 ) ,  w h i l e  t h e  f o u l i n g  i ndex  was h i g h  f o r  t h e  feed  coa l  and cha r  samples and 
medium f o r  t h e  c lean  coa l  ( t a b l e  3 ) .  

Ash deDos i t i on  s t u d i e s  - The r e s u l t s  of t h e  ash d e p o s i t i o n  t e s t s  a re  shown i n  t a b l e  4 .  
The ash weight  was no rma l i zed  t o  a feed r a t e  o f  0.13 g/min.  Th is  gave a bas i s  t o  
compare the d i f f e r e n t  t e s t s .  Clean c o a l  produced about 50% more d e p o s i t  than t h e  
pa ren t  coal ( f i g u r e  2 ) .  However, t h e  p a r e n t  coa l  and c l e a n  coal  gave d e p o s i t  we igh t  
cu rves  w i t h  s i m i l a r  s lopes .  Ash d e p o s i t  weights  o f  t h e  cha r  were s u b s t a n t i a l l y  h i g h e r  
than  e i t h e r  c o a l  o r  c l e a n  c o a l .  

The depos i t  we igh t  f o r  t h e  c l e a n  coa l  i nc reased  f a s t e r  t han  t h a t  o f  t h e  pa ren t  coal  i n  
s p i t e  o f  t he  f a c t  t h a t  i t  c o n t a i n s  about  t w o - t h i r d s  t h e  ash o f  coa l  (9.7% v s .  6.4%).  
W i thou t  a d e t a i l e d  m ine ra l  a n a l y s i s  o f  t h e  depos i t s ,  i t  i s  d i f f i c u l t  t o  determine t h e  
cause of  t h i s  behav io r .  Because t h e  c l e a n i n g  process removed a p o r t i o n  o f  t h e  o r i g i n a l  

The DTF i s  d e s c r i b e d  e lsewhere (6) .  
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m i n e r a l  m a t t e r  ( p a r t i c u l a r l y  c a l c i t e ,  see t a b l e  2). a l t e r i n g  t h e  c o m p o s i t i o n  o f  t h e  
remain ing  ash, t h e  new compos i t ion  may have r e s u l t e d  i n  a " s t i c k i e r "  ash w i t h  a h i g h e r  
m e l t i n g  p o i n t  t h a n  t h e  o r i g i n a l  ash. The ash d e p o s i t i o n  b e h a v i o r  o f  t h e  char  i s  
c o n s i s t e n t  w i t h  i t s  h i g h  ash c o n t e n t  (14.1%). 

The d e p o s i t  g rowth  r a t e  curves  were used t o  c a l c u l a t e  s t i c k i n g  c o e f f i c i e n t s .  The 
s t i c k i n g  c o e f f i c i e n t  (SC) i s  d e f i n e d  as: 

SC = r a t e  o f  ash d e p o s i t i o n / r a t e  o f  f i r i n g  o f  ASTM ash 

where "ASTM ash" i s  t h e  ash y i e l d  o f  t h e  f u e l  as de termined by t h e  s tandard  ASTM 
prox imate  a n a l y s i s  procedure,  o r  i n  t h i s  study, by TGA a n a l y s i s  o f  t h e  f u e l .  The 
s t i c k i n g  c o e f f i c i e n t  i s  a normal ized  measure o f  how much ash i n  t h e  f u e l  i s  s t i c k i n g  
t o  t h e  s u b s t r a t e  p l a t e  of  t h e  ash d e p o s i t i o n  probe, and has a v a l u e  between zero and 
one. A v a l u e  o f  zero  i n d i c a t e s  t h a t  none o f  t h e  ash i s  s t i c k i n g ;  a v a l u e  o f  one 
i n d i c a t e s  t h a t  a l l  o f  t h e  ash i s  s t i c k i n g .  The h i g h e r  t h e  v a l u e  o f  t h e  s t i c k i n g  
c o e f f i c i e n t ,  t h e  more s l a g g i n g  and f o u l i n g  a r e  l i k e l y  t o  o c c u r .  

The d e p o s i t  r a t e s  were c a l c u l a t e d  from b e s t - f i t  curves  t h a t  were de termined u s i n g  t h e  
d e p o s i t  w e i g h t  and t ime ( t a b l e  4 ) .  For  t h e  p a r e n t  coa l  and c l e a n  c o a l ,  a q u a d r a t i c  
equat ion  was f i t t e d  t o  t h e  d e p o s i t  w e i g h t  data.  I t  was n o t  p o s s i b l e  t o  o b t a i n  a 
meaningful  q u a d r a t i c  e q u a t i o n  t o  f i t  t h e  d a t a  f o r  t h e  char .  The ins tan taneous d e p o s i t  
r a t e s  were d i v i d e d  by t h e  ASTM ash f i r i n g  r a t e  t o  g i v e  t h e  s t i c k i n g  c o e f f i c i e n t s .  The 
da ta  i n d i c a t e  t h a t  t h e  c l e a n  coa l  d e p o s i t s  grew a t  a f a s t e r  r a t e  t h a n  t h e  parent  c o a l  
( f i g u r e  3) .  W h i l e  i t  was n o t  p o s s i b l e  t o  determine a numer ica l  s t i c k i n g  c o e f f i c i e n t  
f o r  char,  t h e  normal ized  d e p o s i t  w e i g h t  da ta  p resented  i n  t a b l e  4 show t h a t  t h e  
s t i c k i n g  c o e f f i c i e n t  f o r  c h a r  i s  h igh ,  i n d i c a t i n g  t h a t  t h e  d e p o s i t s  f rom t h e  char  grew 
much f a s t e r  than those o f  t h e  coa l  samples. 

The d i f f e r e n c e s  observed i n  t h e  s t i c k i n g  c o e f f i c i e n t s  f o r  t h e  p a r e n t  c o a l  and c l e a n  
coa l  a r e  l i k e l y  r e l a t e d  t o  t h e  a s s o c i a t i o n  o f  t h e  i n o r g a n i c  c o n s t i t u e n t s  i n  t h e  c o a l .  
The i n o r g a n i c ,  components i n  t h e  c lean coa l  occur  w i t h i n  and/or  w i t h  carbonaceous 
p a r t i c l e s  because t h e  c l e a n i n g  process removes much o f  t h e  ex t raneous ( o r  carbon f r e e )  
minera l  g r a i n s .  D u r i n g  combustion, t h e  i n o r g a n i c  components a s s o c i a t e d  w i t h  coa l  
p a r t i c l e s  a r e  s u b j e c t e d  t o  h i g h e r  temperatures than ex t raneous m i n e r a l  g r a i n s .  As a 
r e s u l t  o f  t h e  h i g h e r  temperatures,  more o f  t h e  p a r t i c l e s  m e l t  and a r e  s t i c k y  when t h e y  
reach t h e  d e p o s i t i o n  probe, p roduc ing  a h i g h e r  s t i c k i n g  c o e f f i c i e n t .  It i s  a l s o  
p o s s i b l e  t h a t  t h e  i n c l u d e d  m i n e r a l s  a r e  c o l l e c t e d  on t h e  s u r f a c e  o f  t h e  extraneous 
minera l  p a r t i c l e s  ( t h o s e  depos i ted  on t h e  probe) and c a r r y  o f f  t h e  probe by t h e  
extraneous m i n e r a l  p a r t i c l e s .  

The d e p o s i t  s t r e n g t h  curves  a r e  shown i n  f i g u r e  4. Clean coa l  has a g radua l  s lope t o  
t h e  d e p o s i t  s t r e n g t h  c u r v e  and i s  lower  i n  s t r e n g t h  than t h e  c o a l .  The p a r e n t  coa l  has 
an i n i t i a l  s l o p e  s i m i l a r  t o  t h a t  o f  c l e a n  coa l ,  b u t  t h e  s t r e n g t h  i n c r e a s e s  r a p i d l y  near  
t h e  t o p  of  t h e  d e p o s i t .  The d e p o s i t  s t r e n g t h  o f  char  exceeded t h e  maximum c a p a c i t y  o f  
t h e  t e s t  appara tus  (100 p s i )  and was n o t  i n c l u d e d  i n  f i g u r e  4. 

The d i f f e r e n c e  i n  t h e  s t r e n g t h  of  the  d e p o s i t s  produced f rom t h e  p a r e n t  and c leaned 
c o a l s  i s  p r o b a b l y  due t o  t h e  t y p e s  o f  ash p a r t i c l e s  i n  d e p o s i t s .  The s t r e n g t h  o f  t h e  
c l e a n  coa l  d e p o s i t s  was lower  than t h e  o t h e r  samples because some o f  t h e  r e a c t i v e ,  
l i q u i d  p roduc ing  ash components were removed by c l e a n i n g .  F o r  example, d u r i n g  t h e  
c l e a n i n g  process  a s i g n i f i c a n t  amount o f  p y r i t e  i s  removed. The i r o n  i n  p y r i t e ,  when 
combined w i t h  a l u m i n o s i l i c a t e s  i n  a combust ion environment,  produces low m e l t i n g -  
tempera ture  phases t h a t  a r e  r e s p o n s i b l e  f o r  g r e a t e r  d e p o s i t  s t r e n g t h s .  The g r e a t e r  
amount of  i r o n  p r e s e n t  i n  t h e  parent  coa l  p robab ly  caused t h e  p a r e n t  c o a l ' s  s t r o n g e r  
d e p o s i t s .  The d e p o s i t s  produced from t h e  c l e a n  coa l  most l i k e l y  d i d  n o t  c o n t a i n  
s u f f i c i e n t  f l u x i n g  agents such as i r o n  t o  develop h i g h  s t r e n g t h .  
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P h y s i c a l l y ,  t h e  d e p o s i t s  l e f t  by t h e  c lean  c o a l  were n o t  mo l ten  whereas the  depos i t s  
l e f t  by t h e  coa l  were mol ten near  t h e  top.  The d e p o s i t s  l e f t  by t h e  c h a r  were mol ten 
n o t  o n l y  a t  t h e  t o p  b u t  a l s o  down t h e  c e n t e r  o f  t h e  d e p o s i t .  M e l t i n g  o f  depos i t s  
increases t h e i r  s t r e n g t h ;  t h i s  e x p l a i n s  t h e  h i g h  s t r e n g t h  o f  t h e  c h a r  depos i t s .  

CONCLUSIONS 

The ash d e p o s i t i o n  b e h a v i o r  o f  an I l l i n o i s  H e r r i n  (No. 6) c o a l ,  and o f  a c l e a n  coal  
product ,  and a cha r  d e r i v e d  from t h e  pa ren t  coa l  was eva lua ted .  The d e p o s i t s  were 
c o l l e c t e d  on a wa te r -coo led  s t a i n l e s s  s t e e l  probe l o c a t e d  i n s i d e  an e n t r a i n e d  f low 
r e a c t o r  o p e r a t i n g  a t  1500 'C and 20% oxygen. Standard ASTM analyses showed o n l y  small  
d i f f e r e n c e s  between t h e  compos i t i on  o f  t h e  coa l  and c h a r  ashes; however, t h e  c l e a n  coal  
had s u b s t a n t i a l l y  l ower  s o l u b l e  s u l f a t e  m i n e r a l s  and c a l c i t e  than  t h e  coa l .  Ash 
d e p o s i t i o n  s t u d i e s  i n  a DTF showed t h a t  a l t hough  t h e  c lean  coa l  produced a l a r g e r  
d e p o s i t  t h a t  grew a t  a f a s t e r  r a t e  than t h a t  o f  t h e  o r i g i n a l  coa l ,  t h e  c lean  coa l  
depos i t s  were weaker than  those  o f  t h e  coa l  and showed ev idence o f  p a r t i a l  m e l t i n g .  
The depos i t s  from t h e  c h a r  grew much f a s t e r  t han  t h a t  o f  e i t h e r  t h e  coa l  o r  c lean  coa l .  
Due t o  e x t e n s i v e  me l t i ng ,  t h e  d e p o s i t s  formed by  t h e  c h a r  were much s t r o n g e r  than those 
o f  e i t h e r  t h e  pa ren t  c o a l  o r  c l e a n  c o a l .  
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Table 1. 

P a r t i c l e  S i z e  270x400 200x400 270x400 
Mesh Parent  Coal Clean Coal . Char 

M o i s t u r e  2.9 1.6 0.9 

Prox imate and u l t i m a t e  a n a l y s i s  f o r  samples ( d r y  b a s i s )  

Proximate. wt%'  
V o l a t i l e  M a t t e r  41.8 
F i x e d  Carbon 48.5 
H-T Ash 9.7 

U l t i m a t e .  w t % b  
Hydrogen 
Carbon 
N i t r o g e n  
Oxygen' 
S u l f u r  

BTU/1 b 
l b  SOJMMBTU 

5.2 
69.5 

1.5 
9.5 
4.6 

12674 
7.2 

41.5 
52.2 

6.3 

5.5 
73.3 

1.8 
9.8 
4.0 

13293 
6.0 

7.3 
78.9 
13.8 

2.2 
78.2 
2.2 
1.1 
2.9 

12791 
4.6 

I 

a TGA ana lys i s ,  LECO CHN 600 analyzer ,  determined b y , d i f f e r e n c e  

Table 2. Ash compos i t i on  

Oxide Parent  Coal* Clean Coal Char 

Ash Analvses (% o f  ash) 
SiO, 

CaO 

A1 203 
Fez03 

MgO 
KZO 

PA 
Na,O 
T iO,  

MnO, 
SrO 
BaO 
so3 

48.60 
17.49 
18.22 
4.89 
0.99 
2.22 
1.47 
0.89 
0.27 
0.05 
0.04 
0.04 
4.19 

49.30 
17.81 
19.53 
2.20 
1.31 
2.37 
1.11 
1.34 
0.14 
0.04 
0.05 
0.05 
1.94 

48.20 
17.36 
18.08 
4.76 
0.98 
2.22 
1.50 
0.90 
0.26 
0.06 
0.04 
0.04 
4.29 

S i l i c a  r a t i o  68.85 68.15 66.93 
Base/ac id 0.41 0.39 0.41 

*M ine ra l  m a t t e r  i n  IBC-101: 2.6% quar t z ,  0.5% c a l c i t e ,  2.1% p y r i t e  and 
Marcas i te ,  3.3% k a o l i n i t e ,  2.4% i l l i t e ,  and 2.1% expandable c l a y .  
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Table 3. Ash f u s a b i l i t y  tempera tures  

P a r e n t  Coal Clean Coal Char 

Ash Fus ion  ( 'F ,  reduc inq)  
I n i t i a l  d e f .  2055 2030 2115 
S o f t e n i n g  2140 2140 2185 
Hemispher ic 2225 2245 2260 
F l u i d  2310 2350 2330 

E m p i r i c a l  ash p r o p e r t i e s  
T m ,  F 2425 2480 2460 
TC", F 2584 2558 2584 
S lag  v i s c o s i t y  (po ise)  
e2600 'F 105 125 106 

Slagging 

Foul  i ng 

index 1.75 1.53 1.20 
type med. med. med. 

index 0.60 0.43 0.62 
type h i g h  medium h i g h  

Table 4. Ash d e p o s i t i o n  w e i g h t s  

Sampl e Time (min) 

Char 10 
20 
30 

Parent  coa l  10 
20 
30 

Clean coal 10 
20 
30 

Coal f e d  (9) Ash ( 4 )  Normal ized ash (4) 

0.78 0.0619 0.1032 
2.70 0.2669 0.2570 
3.68 0.2618 0.2775 

1.48 0.0488 0.0429 
2.24 0.0650 0.0754 
3.52 0.1029 0.1140 

0.90 0.0463 0.0669 
3.81 0.1438 0.0981 
2.83 0.1070 0.1475 
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Figure 2. Deposit growth rates for fuels (T = 1500°C) 
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Figure 4. Deposit crushing strength for coal samples 
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